The vanadotungstate K 7 V 5 W 8 O 40 ·12H 2 O synthesized by hydrothermal route at 453 K was reported for the first time. The compound crystallizing in a Keggin type structure was characterized by powder X-ray diffraction, FTIR spectroscopy and UV-Vis diffuse reflectance; it was successfully tested for the removal of Rhodamine B (Rh B). The effects of contact time, initial concentration and pH were investigated. The adsorption capacity reached ~ 40% in aqueous solution within 16 h. Pseudo-first-order, pseudo-second-order, Elovich and intra-particle diffusion models were applied to fit the experimental data. The pseudo-second-order was the best to describe the adsorption. The equilibrium isotherms were also analyzed by different models. Negative free enthalpy (ΔG) suggested that adsorption Rh B is spontaneous. The positive enthalpy (ΔH) entropy (ΔS) indicated endothermic process with an increase in the randomness of the solid/liquid interface. The compound showed 42% degradation of the remaining concentration after 4 h exposure to solar radiation.
Introduction
About 100,000 commercial dyes are used in color products, manufacture papers, food technologies, photo-electrochemical cells, hair dyes and so on [1] [2] [3] [4] . As a result, these toxic compounds are released in water and therefore present an ecological risk to humans, animals and aquatic life. They can be mutagenic and carcinogenic [4] [5] [6] [7] [8] and have adverse effects on the human health such as dysfunction of kidneys, reproductive system, liver, brain and central nervous system [9] [10] [11] . Dyes are classified as anionic (direct, acid, and reactive), cationic (basic) and non-ionic (disperse) [12] , due to their aromatic structure, and are often difficult to degrade biologically and thermally. In addition, cationic dyes are more toxic than anionic ones [13] and numerous processes are developed to remove them from wastewaters. Among these methods, we can cite electrochemistry [14] , coagulation [15] , chemical oxidation [16] , membrane [17] , sonoelectrochemistry techniques [18] , microbial [19] and Fenton process [20] .
Although these methods are rather efficient to eliminate colouring agents, they remain expensive and often require specific devices and high cost chemicals. By contrast, the physical methods are practical and the adsorption has already given satisfactory results for cleaning the contaminated effluents. During the last decades, a series of natural adsorbents, including activated carbon [21, 22] , clay [23] , zeolites [24] , montmorillonite [25] , alginate [26] , bentonite [27] and dolomite [28] have been developed to eliminate dyes from water but present some disadvantages. Thus, the research turned to synthetic adsorbents, and the polyoxometallates have received a growing attention not only because of their potential applications in the of catalysis [29] [30] [31] [32] and magnetism [33] , but also for their fascinating architectures, including chiral structures [34] , penetrating frameworks [35] , electronic [36, 37] , biological chemistry [38, 39] , photocatalysis [40] [41] [42] , adsorbents [43] , medicine [44] and biocatalysis [45] . In this context, we report the Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4225 0-019-00115 -5) contains supplementary material, which is available to authorized users. hydrothermal synthesis and characterization of the polyoxometallate vanadotungstate K 7 V 5 W 8 O 40 ·12H 2 O a Keggintype polyanion. The material was successfully employed to remove Rhodamine B a hazardous dye. The adsorption data were fitted with isotherm, kinetic and thermodynamic models to determine the adsorption characteristics and to elucidate the involved mechanisms. The remaining concentration of Rh B from adsorption was eliminated by photocatalysis under sunlight.
Experimental

Adsorbent Preparation and Characterization
All reagents were obtained from commercial sources and used without purification. The polyoxometallate was synthesized by hydrothermal route, by mixing V 2 O 5 (0.540 g, 97%), WO 3 (1.245 g, 98%), KOH (0.980 g), distilled water (20 mL), 1,2,4-triazole (0.270 g, 99%) under magnetic stirring. The resulting gel was homogenized, transferred into a Teflon-lined stainless steel autoclave and heated at 453 K for 6 days under autogenous pressure. The brown precipitate was washed several times and dried at 60 °C for 24 h.
The X-ray diffraction was performed with a Philips diffractometer using Cu Kα radiation (λ = 1.5406 A). The infrared spectrum was plotted in the range (400-4000 cm −1 ) on a Bruker Vector 22 FTIR spectrometer using pressed KBr pellets, the diffuse reflectance spectrum was recorded with a Jasco 650 using BaSO 4 as reference.
Adsorption Process
Rhodamine B (Rh B) (chemical formula: C 28 H 31 ClN 2 O 3 , N° CAS 81-88-9) was selected because of its hazardous nature and chemical and biochemical stabilities. The stock solution (100 mg L −1 ) was diluted to the desired concentrations (10-40 mg L −1 ) using distilled water (0.8 M Ω cm).
Adsorption studies were performed as follows: the catalyst (10 mg) was suspended in 10 mL of Rh B solution without adjustment of pH (~ 7) for 16 h. Afterwards, it was centrifuged at 3000 rpm for 10 min and the remaining Rh B concentration (C) was evaluated by measuring the absorbance with a UV-Vis spectrophotometer (Jasco V-650, λ max = 554 nm). The adsorbed amount was calculated from the following expression:
where C o and C e are the initial and equilibrium concentrations of Rh B (mg L −1 ) respectively. V the volume (L) of the solution, m (g) the mass of the adsorbent K 7 V 5 W 8 O 40 ·12H 2 O and q e the amount of adsorbed Rh B (mg/g).
Effect of Initial pH
For the influence of pH on the adsorption capacity, experiments were performed at 25 °C with Rh B concentration of 10 mg/L at different initial pHs ranging from 4 to 11. The pH was adjusted to the desired value with HCl or NaOH (0.1 N).
Kinetic Study
The adsorption kinetic was studied by testing three models.
The Pseudo-first-order
The pseudo-first-order kinetic given by:
where q t is the adsorbed amount at time t (mg/g); q e the adsorbed amount at equilibrium (mg/g) and k L the rate constant (h −1 ). After integration by applying the initial conditions, one obtains:
The plot ln (q e − q t ) against time (t) gives a straight line whose slope and intercept yield respectively the rate constant k L and ln q e .
The pseudo-second-order
The pseudo-second-order kinetic equation may be written in the form of:
After integration, one obtains:
The second-order rate constant K 2 (g mg −1 h −1 ) is determined from the intercept of the linearized pseudo-second order rate equation.
Elovich Model
The Elovich model is useful for describing the chemisorption, and is expressed as follows:
where a is the initial adsorption rate (mg/g min), and b the desorption constant related to the extent of surface coverage and activation energy (g/mg).
Intra-particle Model
According to previous studies, the intra-particle diffusion with multilinearity, representing the different stages of adsorption is expressed by the relation:
where K p is the diffusion coefficient and q t the amount of adsorbed dye. The plot q t versus √ t should be a linear with a slope K p and intercept C.
Thermodynamic Parameters
The free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) for the Rh B adsorption are also calculated. The knowledge of ΔG predicts the spontaneity of adsorption while ΔS describes the degree of freedom of the molecules in the system. Further, (ΔH) is useful to know whether the process is exothermic or endothermic. ΔG is calculated from the equilibrium constant (K):
R is the universal gas constant and T the absolute temperature.
The thermodynamic parameters ΔG, ΔH and ΔS are determined at different temperatures (294, 299 and 304 K):
ΔH and ΔS are calculated from the slope and intercept of the plot ln K vs. 1/T.
Adsorption Isotherms
The Freundlich, Langmuir and Elovich models are commonly used for describing how the adsorbate interacts with the adsorbent, and for understanding the interactions mechanism. They also provide information on the surface properties of the adsorbent and its affinity with the adsorbate.
Freundlich Model
For this model, the adsorption takes place on a heterogeneous surface through a multilayer adsorption mechanism and is related to concentration C e by the relation:
where K F are a constant related to adsorption capacity of the adsorbent and 1/n its intensity. The linear form of the model is expressed as follows:
The values of K F and 1/n are calculated from the intercept and slope of the straight line plot of ln q e versus ln C e respectively.
Langmuir Model
Initially, the model describes the adsorption of gas molecules onto metal surfaces and has been later extended to the sorption of dyes onto various adsorbents. It is based on the assumption that the adsorption occurs on specific homogeneous sites on the adsorbent surface. Once a dye molecule occupies a site, no further adsorption can take place leading to a monolayer adsorption.
where q m maximum adsorption capacity (mg/g) and K L a constant related to the energy of adsorption (L/mg) and the linearised form become: The constants are calculated at different temperatures (294, 299 and 304 K) from the slope and intercept of the linear plot of 1/q e versus 1/C e .
Elovich Model
The Elovich model is based on a kinetic development assuming that the adsorption sites are exponentially with adsorption, which is a multi-layer adsorption. It is expressed by the following relation:
The plot of Ln (q e /C e ) versus q e allows to reach q m and k E. (16) Ln q e ∕ C e = Ln k E .q m − q e ∕q m
Photocatalysis
The photocatalysis was performed in an open Pyrex reactor equipped with a cooling system, the temperature was maintained at 28 ± 1 °C. 10 mg of catalyst powder was dispersed in 10 mL of RhB solution (6 mg L −1 ). The solution was exposed to solar light (intensity: 870 mW cm −2 ). The concentration of RhB was analyzed as mentioned above. 
Results and Discussion
Characterization of Adsorbent
The X-ray diffraction of K 7 V 5 W 8 O 40 ·12H 2 O (Fig. 1) shows a good crystallization with narrow peaks in agreement with the results reported previously [46] , the associated CIF number is (data_4162-ICSD). The brown compound K 7 V 5 W 8 O 40 ·12H 2 O crystallizes in a cubic symmetry (SG: P 3 m) with a lattice constant of 1.062 nm. The structure is based on a Keggin type V 5 W 8 O 40 7− anion (Fig. 2b) , with a central VO 4 tetrahedron. The other 4 V atoms and 8 W occupy 12 M positions, cristallographically equivalent, so the atoms are randomly distributed and one can write the formula as VM 12 O 40 7− . In the structure of the polyanion, one unit cell contains one polyanion (Fig. 2c) . The polyanion displays a coordination polyhedral model. Three MO 6 octahedra link together toward edges to form M 3 O 13 unit with a trigonal symmetry. The central vanadium is surrounded by M 3 O 13 entities, by sharing corners, in T d symmetry, to build the Keggin anion. It is worth to outline that the literature reported the orientational distortion of the Keggin anion, preventing the determination of the isomer configuration [46] . There are 12 water molecules in the lattice: four of them are linked to four K cations while the eight others surround the Keggin ion [46] . The other three K ions are coordinated to oxygen atoms of the polyanions. Indeed, there are two kinds of sites for K cations (four of them occupy an equivalent site and the three others another different site). The surface functional groups of the adsorbent were established using FTIR.
The FTIR spectrum of the sample (Fig. 3a) shows large bands at 3364 and 1635 cm −1 due to water molecules. The peak at 950 cm −1 is attributed to W=O groups while the bands at 781, 585 and 474 cm −1 are assigned to M-O bonds (M=V or W). The band at 1080 cm −1 can be ascribed W-O and W-O-W vibrations [47, 48] .
The FTIR spectra of the compound after dye adsorption and photocatalysis is shown in Fig. 3b (Fig. 4 ) displays a weak band at 681 nm corresponding to d-d transitions due to the crystal field splitting of d orbitals.
The band around 400 nm may be assigned to charge transfer transitions V (IV) → W (VI) [49] . The degree of oxidation (IV) of vanadium may be explained by the presence of amine, reducing specie, during the hydrothermal synthesis.
Adsorption Studies
Effect of Contact Time
The adsorption of Rh B (10 mg L −1 ) on the vanadotungstate at 25 °C was studied as a function of contact time. As expected, the adsorbed amount increases with time and reaches equilibrium after 16 h (Fig. 5) . The longer contact time may be explained by the strong chemical bonding adsorbate/adsorbent.
Effect of Initial Dye Concentration
The initial dye concentration (C o ) is a critical parameter affecting the adsorption in wastewaters treatment; its effect onto the as-prepared material (Fig. 6) shows that the uptake 
Effect of Initial pH
The pH effect on the dye removal was also investigated, at different pHs (4, 7 and 11). It is clear from the results that the Rh B uptake is highly affected by the pH of the medium (Fig. 7) ; the optimal value is obtained at pH ~ 7.
Kinetic Modeling of Rh B Adsorption
The first-order, second-order and Elovich models were applied for the Rh B adsorption kinetic (Figs. 8, 9, 10) and the parameters are gathered in Table 1 . The correlation coefficients (R 2 ) are used to determine which model is appropriate to fit the experimental data. The R 2 value for the second order kinetic model is the highest (R 2 = 0.999), which indicates that the kinetic experimental data fit very well this model, revealing a physi-sorption. The intraparticle diffusion model (Fig. 11) shows that the curve presents a multilinearity over time, indicating two stages in the whole process. The first one represents a surface adsorption, while the second step corresponds to the intraparticle diffusion ( Table 2 ). In general, the adsorption diffusion model included three steps: external mass transport, intraparticle diffusion and adsorbate adsorption on the internal surface sites of the adsorbent. The overall adsorption rate can be controlled by one of the steps or a combination of several steps. 
Adsorption Isotherms
The isotherms of Langmuir, Freundlich and Elovich were used to analyze the adsorption process (figures not shown).
The validity of the model can be determined by their linearized plots. The coefficient (R 2 ) is used as a criterion to compare the fitness of each model. The characteristics of different isotherms are summarized in Table 3 along with the coefficients R 2 . The data clearly indicate that the equilibrium adsorption fits best with the Elovich isotherm. The comparison of maximum adsorption capacities of Rh B for some adsorbents is shown in Table 4 . It can be seen that as-synthesized material represents weak adsorption capacity in the Langmuir model which does not fit our adsorbent data.
Adsorption Thermodynamics
The functions ΔH, ΔS and ΔG are calculated for studying the thermal effect on the Rh B adsorption on our adsorbent (Fig. 12 ). The positive enthalpy ∆H and the negative free energy ∆G (Table 5) indicate an endothermic and spontaneous physisorption [50] .
Photocatalysis
In order to lower the Rh B amount below the threshold required by the water standards, the remaining concentration was directly exposed to solar light of a sunny day (870 mW cm −2 ) in a thermostated system. Let us recall that our material exhibits semiconducting properties with a gap Fig. 13a , the maximum absorption peak of Rh B (λ max = 554 nm) decreases and a photodegradation abatement of 42% (6 ppm) was achieved within 4 h under sunlight, the temperature at the end of the experiment did not exceed 28 °C. The photocatalytic degradation obeys a first-order kinetic model with a half-life of 410 min (Fig. 13b) . Therefore, there is a change in the kinetic modality between adsorption and photocatalytic degradation.
Conclusion
We have successfully prepared for the first time a Keggin type compound K 7 V 5 W 8 O 40 ·12H 2 O by hydrothermal route. The vanadotungstate was characterized by X-ray diffraction, FTIR and diffuse reflectance. It was successfully tested for the adsorption of Rhodamine B, a cationic dye, well known for its hazardous nature. The Rh B adsorption indicated that the kinetic data fit the pseudo-second order model with a multi-step diffusion; the adsorption equilibrium time was reached after 16 h. The thermodynamic functions indicated that the Rh B adsorption was spontaneous and endothermic. The equilibrium data were well described by the Elovich model. Moreover, under solar light the photodegradation showed a decay of 42% of the remaining concentration. These results suggest that as-prepared material is a good candidate for the Rh B removal.
